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1.  Introduction 

The  invention  of  atomic  force  microscope  (AFM)  by  Birtnig  and  his  co-workers  (Binnig  et  al., 
1986)  has  led  to  the  imaging  of  conducting  and  insulating  surfaces  with  nanometer  scale 
resolution.  The  AFM  measures  very  small  forces  (less  than  nN)  between  a  cantilever-tip  and 
the  sample  surface.  When  the  tip  is  brought  near  the  surface,  die  interaction  forces  between 
the  tip  and  the  sample  cause  the  cantilever  to  deflect. A  topographic  image  of  the  surface  is 
obtained  by  raster  scanning  the  tip  across  the  sample  surface  and  using  the  interaction  force 
as  a  parameter  for  a  feedback  electronics  system  which  mamtains  die  force  at  a  constant  set 
value.  Since  tire  invention  of  die  AFM,  it  lias  become  a  popular  tool  for  surface 
characterization  and  is  now  routinely  used  in  many  industries  and  academic  research  labs 
with  applications  in  several  research  areas. 

The  initial  applications  of  die  AFM  were  focused  on  high  resolution  surface  topography 
imaging  of  materials.  Though  it  provides  high  resolution  topography  images,  it  cannot 
provide  physical  property  information.  This  has  led  to  die  development  of  AFM  methods 
designed  to  image  simultaneously  physical  properties  with  topography.Tapping  mode  AFM, 
magnetic  force  microscopy  (MFM)  (Hartmann,  1999),  electric  force  microscopy  (Blulim  et  al., 
1997;  Nyffenegger  et  al.,  1997)  are  some  of  die  examples.  Further  imaging  modes  were 
developed  later  to  image  elastic  stiffness  (Burnham  et  al.,  1995;  Dmelli  et  al.,  1999;  Nalladega  et 
al.,  2008;  Rabe  &  Arnold,  1994;  Yamanaka  et  al.,  1994),  surface  potential  (Nonnenmacher  et  al., 
1991),  diermal  conductivity  (Gu  et  al.,  2002),  dielectric  properties  (Stem  et  al.,  19S8),  and 
optical  properties  (Betzig  et  al.,  1991).  Hie  families  of  instruments  based  on  AFM  are  known  as 
scanning  probe  microscopes  (SPM).  All  SPM  techniques  are  based  on  the  same  principle,  i.e., 
scanning  a  probe  in  die  near-held  across  die  sample  surface.  The  techniques  of  SPM  differ  only 
in  die  selective  detection  of  different  sample-probe  interactions  among  the  many  kinds  of 
interactions  between  die  probe  and  die  sample.  For  example,  if  an  electrical  potential 
difference  is  externally  applied,  electrostatic  interactions  can  be  imaged  by  utilizing  a 
conductive  probe.  Similarly,  a  magnetic  probe  is  used  to  image  magnetostatic  interactions 
between  the  magnetic  probe  and  ferromagnetic  surface.  The  unique  combination  of  nanoscale 
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resolution  and  broad  applicability  lias  led  to  the  proliferation  of  SPM  techniques  into  virtually 
all  areas  of  nanometer-scale  science  and  technology. 

To  measure  electrical  properties  using  AFM,  a  bias  voltage  is  applied  between  a  conducting 
probe  and  die  sample  and  the  resulting  electrical  urteractions  (electrostatic  forces,  electric 
currents,  resistance,  and  capacitance  etc.)  are  measured.  Depending  on  tire  type  of  the  electrical 
interaction,  different  electrical  property  can  be  measured.  Various  techniques  have  been 
developed  based  on  measuring  these  interactions  to  image  electrical  properties.  Electrostatic 
force  microscopy  (Bluhm  et  al„  1997;  Nyffenegger  et  aL,  1997),  conducting  AFM  (Oh  & 
Nenranich,  2002;  Olbrich  et  aL,  1998),  tunneling  AFM  (Gautier  et  al,  2004;  Ruskell  et  aL,  1996), 
scanning  capacitance  microscopy  (Matey  &  Blanc,  1985;  Williams,  1999),  surface  potential 
imaging  (Weaver  &  Abraham,  1991),  and  piezoresponse  force  microscopy  (Franke  et  aL,  1994; 
Gruverman  et  al.,  1996)  are  some  of  tire  widely  used  AFM  techniques  for  studying  electrical 
properties.  To  obtain  an  inrage  of  tire  electrical  property,  tire  probe  measures  tire  interactions  at 
each  location  by  moving  from  one  discrete  location  to  tire  next  across  the  scan  area.  Therefore, 
these  techniques  are  quite  time  consuming.  Moreover,  a  bias  voltage  is  always  applied 
between  the  sample  and  the  tip  requiring  a  conducting  tip  to  perform  the  measurements.  In 
addition,  some  of  these  techniques  require  a  physical  contact  between  tire  tip  and  sample. 

Electrical  properties  can  also  be  measured  using  electromagnetic  induction.  When  a 
conductor  is  placed  in  a  time  varying  magnetic  field,  currents  are  induced  in  tire  conductor 
by  the  magnetic  field.  These  currents  are  known  as  eddy  currents.  Since  currents  are 
induced  in  tire  conductor,  no  physical  contact  between  tire  source  and  the  conductor  is 
needed.  Several  techniques  have  been  developed  based  on  eddy  currents  to  develop 
electrocleless  methods  to  measure  electrical  properties  of  materials.  In  these  methods,  tire 
sample  is  placed  in  tire  field  of  a  coil  excited  using  an  AC  source,  lire  tinre-varying  magnetic 
field  induces  currents  in  tire  sample,  lire  induced  currents  produce  a  magnetic  field 
opposing  tire  primary  field,  which  changes  the  impedance  of  the  coil.  Tire  electrical 
impedance  can  be  rtsed  to  determine  tire  resistivity  of  tire  sample. 

In  addition  to  the  measurement  of  electrical  conductivity,  eddy  currents  are  also  used  in 
nondestructive  evaluation  (NDE)  of  defects  in  materials.  It  is  well  known  that  defects  in  a 
material  modify  tire  flow  of  induced  currents  in  tire  vicinity  of  tire  defect.  Consequently,  tire 
electrical  conductivity  around  the  defect  is  also  different.  This  fact  has  been  effectively 
utilized  for  NDE  applications  (Libby,  1971).  hr  a  typical  eddy  current  testing  method,  a  coil 
is  located  as  near  as  possible  to  tire  sample  being  tested  and  is  excited  with  a  time-varying 
magnetic  field  at  a  given  frequency.  When  tire  coil  is  scanned  acr  oss  a  defect,  tire  impedance 
of  tire  coil  is  modified.  Therefore,  by  monitoring  tire  changes  in  impedance  of  tire  coil,  it  is 
possible  to  detect  defects  in  the  material.  This  methodology  has  been  used  for  NDE 
applications  as  well  as  for  tire  measurement  of  electrical  and  magnetic  properties  under 
various  environmental  conditions.  It  is  possible  to  generate  electrical  conductivity  inrages  by 
scanning  tire  coil  in  a  raster  pattern  (Kirby  &  Lareau,  199 7).  Tire  spatial  resolution  in  eddy 
current  imaging  is  dependent  on  tire  diameter  of  tire  coil  and  the  best  spatial  resolution  is 
about  50  pm  (Karpen  et  al.,  1999).  Eddy  current  methods  are  sensitive  to  small  changes  in 
electrical  and  magnetic  properties.  Thus,  small  changes  in  tire  properties  can  be  detected. 
However,  eddy  current  methods  are  essentially  comparison  methods  and  it  is  not  possible 
to  get  absolute  values  of  electrical  conductivity.  The  electrical  conductivity  is  always  given 
in  temrs  of  conductivity  of  a  calibrated  standard. 
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The  invention  of  AFM  has  enabled  the  development  of  eddy  current  microscopy 
techniques  with  better  spatial  resolution  than  that  of  conventional  eddy  current  imaging 
systems,  hr  magnetic  force  microscopy  (MFM),  a  magnetic  probe  is  oscillated  above  a 
magnetic  surface.  Tire  oscillating  magnetic  probe  generates  eddy  currents.  This  concept 
was  used  in  tire  development  of  air  MFM  based  eddy  current  microscopy  (Hoffmann  et 
al.,  1998).  This  technique  was  used  to  inrage  local  variations  in  electrical  conductivity  of  a 
sample  consisting  of  TiC  precipitates  in  AbOj  matrix  with  nanometer  scale  resolution. 
However,  since  the  magnetic  field  of  air  MFM  tip  is  small,  this  technique  is  not  suitable  to 
inrage  small  variations  in  conductivity. The  sensitivity  of  this  technique  was  improved  by 
using  large  magnetic  fields  from  a  tip  made  ofpemranent  magnet  (Lairtz  et  al.,  2001).  This 
resulted  in  increased  sensitivity  but  reduced  tire  spatial  resolution  down  to  hundreds  of 
nanometers. 

From  tire  above  discussion  it  is  evident  drat  it  is  difficult  to  achieve  bodr  high  resolution  and 
high  sensitivity  to  local  variations  in  electrical  conductivity  using  eddy  current  microscopy 
by  MFM.  To  improve  the  sensitivity,  a  flexible  cantilever  capable  of  detecting  small 
variations  in  the  forces  can  be  employed.  However,  in  MFM  techniques,  a  stiffer  cantilever, 
vibrated  at  its  resonant  frequency,  is  used  in  order  to  make  die  cantilever  sensitive  only  to 
dre  long-range  magnetic  forces.  But  by  using  a  stiffer  cantilever,  it  is  difficult  to  measure 
small  forces  generated  due  to  very  small  variations  in  dre  electrical  conductivity.  Tire 
magnetic  tips  used  in  MFM  have  small  magnetic  field  strength.  Therefore,  dre  eddy  current 
density  that  can  be  induced  in  dre  sample  material  is  limited. 

The  above  considerations  led  to  the  development  of  a  new  high-resolution,  non-contact 
electrical  conductivity  imaging  technique.  Tire  technique,  called  scanning  eddy  current 
force  microscopy  (SECFM),  combines  the  principles  of  eddy  currents  and  AFM  to  achieve 
high  spatial  resolution  and  high  sensitivity  to  variations  in  electrical  conductivity  on 
nanoscale.  Tire  technique  is  based  on  a  simple  principle-  detecting  dre  magnetic  forces  due 
to  the  interactions  between  a  magnetic  probe  and  the  magnetic  field  generated  by  eddy 
currents  in  a  conducting  sample.  To  achieve  higher  sensitivity,  a  small  electromagnetic 
coil  is  excited  near  dre  sample  and  eddy  currents  are  generated  m  dre  sample.  Further 
sensitivity  is  achieved  by  employing  soft  cantilevers  (0.1  N/nr)  to  detect  small  changes  in 
electrical  conductivity.  Tire  magnetic  field  due  to  eddy  currents  interacts  with  the  static 
magnetic  field  of  dre  probe  resulting  in  magnetic  forces.  Tire  magnitude  of  the  magnetic 
forces  generated  is  directly  proportional  to  dre  electrical  conductivity  of  dre  sample.  The 
deflection  of  dre  cantilever  due  to  the  forces  is  measured  and  analyzed  by  a  custom-built 
electronic  instrumentation  to  generate  surface  topography  and  electrical  conductivity 
images  simultaneously.  Since  currents  are  induced,  bias  voltage  is  not  required  between 
the  probe  and  dre  sample  drus  removing  tire  need  of  conducting  tips.  Tire  electrical 
conductivity  images  are  obtained  in  non-contact  fashion.  Tire  irew  instrument  has  a 
spatial  resolution  of  20-25  imr.  Tire  instrument  is  used  to  characterize  electrical  properties 
of  different  materials.  Tire  contrast  mechanisms  in  different  materials  are  explained  based 
on  tire  variation  of  the  magnetic  forces  caused  by  eddy  currents  in  different  materials.  In 
addition  to  the  electrical  properties,  we  also  show  drat  by  doing  small  modifications  to  tire 
system,  it  is  possible  to  characterize  magnetic,  magneto-elastic  properties.  Tire 
advantages,  limitations  and  possible  applications  of  the  instrument  in  materials 
characterization  and  nano  NDE  are  discussed. 
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2.  Theory  and  development  of  SECFM 

The  central  element  of  an  AFM  is  the  force  sensor.  For  maximum  sensitivity  to  electrical 
conductivity  variations,  the  sensor  should  detect  small  forces  generated  by  tire  eddy  currents. 
Therefore,  it  is  necessary  to  select  a  cantilever-  spring  constant  capable  of  measuring  small 
forces.  In  order  to  do  so,  however,  magnetic  forces  between  the  probe  and  eddy  currents 
should  be  known  first.  Therefore,  a  theoretical  model  is  first  used  to  calculate  tire  eddy  current 
forces  in  a  typical  metal.  Tire  model  is  used  to  describe  electrodynamic  interactions  between 
eddy  currents  and  tire  probe.  Based  on  tire  calculated  forces,  a  suitable  cantilever  is  selected. 

2.1  Theory 

Eddy  current  fields  are  considered  to  be  quasi-static  fields.  Quasi-static  condition  requires 
that  tire  wavelength  ,\  of  tire  field  is  much  greater  than  tire  dimensions  of  tire  conductor 
(Landau  &  Lifslritz,  1960).  Tire  magnetic  field  H  generated  by  the  eddy  currents  in  a 
nonmagnetic  conductor  is 


=  (1) 
ct 

where  a  is  tire  electrical  conductivity,  p  =  popr,  po  is  tire  magnetic  permeability  of  Ore  free 
space,  and  pr  is  tire  relative  permeability.  In  a  variable  field  of  frequency  oo,  all  quantities 
depend  on  tire  time  through  a  factor  e)Qt.  Tire  magnetic  field  intensity,  therefore  can  be 
written  as 


H(t)=H*  eM  (2) 

Substituting  Eq.  (2)  into  Eq.  (1) 

V~H  =;coopH  (3) 

or 

=k-H  (4) 

where  /c-y/ooop  and  j2**— 1.  Tire  constant  k  is  connected  with  tire  penetration  depth  of  an 
electromagnetic  wave.  The  eddy  currents  tend  to  flow  near  tire  surface  of  the  conductor.  The 
eddy  current  density  in  a  conductor  is  strongest  near  the  source  of  the  field  and 
exponentially  decreases  with  increasing  thickness  of  tire  conductor.  This  effect  is  known  as 
skin  effect  and  is  dependent  on  many  factors  such  as  electrical  conductivity,  frequency  of 
tire  source,  and  magnetic  properties  (Libby,  1971). 

2.1.1  Magnetic  field  due  to  eddy  currents  in  a  conductor 

Figure  1  shows  tire  schematic  of  a  non-magnetic  electrically  conducting  sample  placed  in  tire 
field  of  an  electromagnetic  field  with  a  magnetic  probe  above  its  surface.  The 
electromagnetic  field  is  excited  by  a  small  cylindrical  coil  of  diameter  a,  with  N  number  of 
turns.  Tire  diameter  of  the  coil  is  smaller  compared  to  tire  lateral  dimensions  of  tire  sample. 
The  thickness  of  the  sample,  f,  is  very  small  compared  to  the  diameter  of  the  coil.  Tire  time- 
varying  AC  signal  through  tire  coil  produces  a  uniform  magnetic  field  within  the  diameter 
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of  the  coil.  Hie  normal  component  of  the  magnetic  field  is  designated  as  Bo  as  shown  in  Fig. 
1.  The  oscillating  normal  component  of  the  magnetic  field  produces  eddy  currents  in  the 
conductor.  The  magnetic  field  generated  by  the  eddy  currents  in  the  sample  is  assumed  to 
be  uniform  within  the  diameter  of  the  coil. 


I— - ►< 

a 


Fig.  1.  Schematic  of  a  non-magnetic  electrical  conductor  placed  in  an  oscillating 
electromagnetic  field.  A  magnetic  tip  attached  to  a  cantilever  is  positioned  above  die  sample. 

The  relationship  between  eddy  current  densityj  and  magnetic  fielclH  is  given  by 

V  x  H  =  /  (5) 

V  x  J  =  -(jcotlQGH.  +  jcooBq  )c.  (6) 

where  Hz  is  die  normal  component  of  die  magnetic  field  due  to  eddy  currents  and  e2  a  unit 
vector  in  die  z-direction.  Hie  electrical  conductivity  is  assumed  to  be  constant  along  the 
diickness  of  die  sample.  In  cylindrical  coordinates,  die  eddy  current  density  J  can  be 
represented  by  a  scalar  potential  u(rl(Poltz,  19S3)  as 

/  =  ±(Vxn(r))ez  (7) 


Substituting  Eq.  (7)  m  Eq.(5), 
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Hie  normal  component  of  die  magnetic  field  due  to  eddy  currents  Hc  is  written  as 

H:=ju(r)  (9) 

In  die  experiments,  we  used  a  magnetic  tip  widi  a  diameter  d,  positioned  above  die 
sample  to  measure  die  magnetic  interactions  generated  by  die  eddy  currents.  Therefore, 
die  magnetic  interactions  occur  over  a  region  equal  to  the  diameter  of  die  tip.  Therefore, 
die  scalar  potential  u(r)  should  be  evaluated  over  die  region  equivalent  to  die  tip 
diameter.  Substituting  Eq.  (7)  in  Eq.  (6),  die  scalar  potential  function  evaluated  in  0<r<a  is 
written  as 


c~u  leu  . 

— ^  =  ]COLi0cru  ( r )  -  ]coatB0 

dr  r  dr 


(10) 


Hie  solution  (Krakowski,  19S2)  to  die  above  equation  is 


,  >  fBo 

u(r)-  — - 

/<o 


Ip(fr) 


-1 


,0<r  <a 


(ID 


where  k  =  ^icofA0ae  ‘  >  Io(fcr)  and  Io(fca)  are  zerodi  order  Bessel  function.  Hie  constant  k  is 
related  to  die  penetration  depth  of  the  electromagnetic  waves  into  die  sample  and  is  an 
important  factor  considered  in  eddy  current  testing.  Hie  constant  k  can  be  written  in  terms 
of  penetration  depth,  5  as 


k  =  — i  (12) 

<5 

d  =  J—  (13) 

V  COGLIq 

Using  die  scalai-  potential  function,  the  normal  component  of  die  secondary  magnetic  field 
Hz  can  be  calculated  using  Eq.  (9).  This  magnetic  field  interacts  widi  the  static  magnetic  field 
of  die  tip. 


2.1.2  Magnetic  field  of  the  tip 

A  pyramidal  shaped  magnetic  coated  tip  attached  is  used  as  a  force  sensor  in  our 
experiments.  Let  M  be  die  magnetization  of  die  magnetic  tip.  Let  the  magnetic  field 
generated  by  a  magnetization  Mof  die  tip  (Hirsekom  et  al.,  1999)  is  given  by  HtiP.  Hien, 


3M(s  -rt/  _  M 
Is-r.l5  (  ‘"is-r.l 


(14) 
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where  r,  is  tire  location  within  tire  magnetic  coating  of  volume  V,  d  is  tire  thickness  of  tire 
magnetic  coating  of  Are  tip,  and  s  is  distance  between  the  tip  and  sample  surface.  Tire  tip  can 
be  modeled  using  either  monopole  or  dipole  approximation  (Hirsekom  et  al.,  1999).  Since 
tire  dimensions  of  tire  tip  are  large  compared  to  tire  distance  between  the  tip  and  sample,  a 
monopole  approximation  is  used.  In  this  case,  HQp  can  be  written  as  (Hir  sekom  et  al.,  1999) 


H, 


tipM 


,_2_i 

4,7  s3 


where  q  is  tire  monopole  moment  of  tire  tip  magnetized  along  the  z-axis  and  given  by 

MV 


<?  =  - 


I 


(15) 


(16) 


where  1  is  tire  length  of  tire  tip. 

The  eddy  current  forces  can  be  determined  once  tire  magnetic  field  strengths  of  both 
secondary  magnetic  field  due  to  eddy  currents  and  the  magnetic  tip  are  known.  Tire  edcly 
current  force  as  defined  in  this  work  is  tire  difference  in  tire  magnetic  force  measured  by  the 
tip  before  and  after  tire  introduction  of  tire  sample.  When  there  is  no  sample  between  the 
coil  and  tire  tip,  tire  interaction  is  between  tire  magnetic  fields  of  tire  coil  (Bo)  and  the  tip 
(B-np).  When  a  conductor  is  introduced  between  the  tip  and  coil,  the  eddy  currents  screen 
the  magnetic  field  and  decrease  tire  force  on  tire  tip.  The  difference  between  the  two  forces  is 
the  eddy  current  force. 

The  eddy  current  force  for  a  typical  metal  (o  =10'  (Sm)-1)  is  calculated  based  on  the 
theoretical  nrodel.The  frequency  of  excitation  is  taken  to  be  100  kHz.  Hre  coil  is  taken  with 
100  turns  of  copper  wire  with  6  nun  diameter.  Tire  magnetic  field.  Bo  when  a  current  of  86 
nrA  flows  through  is  approximately  17  kA/ nr.  Tire  thickness  and  volume  of  tire  magnetic 
coating  are  taken  as  60  imr  and  4.2  X  10*19  nr3  respectively.  Tire  magnetization  of  tire  coating, 
M  is  114  kA/ m  (Waclas  &  Hug,  1992).Hre  theoretical  eddy  current  forceis  calculated  to  be  50 
pN  at  a  separation  of  100  mir  between  probe  and  tip. 

2.2  Scanning  eddy  current  force  microscope 

Figure  2  shows  a  schematic  diagram  of  tire  experimental  setup  used  for  electrical 
conductivity  imaging.  A  Digital  Instruments  Dimension  3000  was  modified  for  tire  purpose 
of  electrical  conductivity  imaging  (Nalladega  et  al.,  2008b).  The  maximum  scan  area  of  tire 
scanner  in  this  system  is  100  pm.  Magnetic  tips  used  in  MFM  have  a  spring  constant  of 
greater  than  2  N/nr.  Based  on  tire  theoretical  calculation,  the  spring  constant  of  a  cantilevers 
should  be  less  than  0.5  N/nr.  A  magnetic  tip-cantilever  with  spring  constant  of  0.1  N/nr 
(Veeco  Probes,  Model  MSNC-MFM)  was  used  as  tire  probe  Hre  cantilever  is  a  V-shaped 
cantilever  made  of  S1JX4  with  a  resonant  frequency  of  25  kHz  with  a  length  of  153  pm  and 
width  of  44  pm.  Hre  tip  is  coated  with  a  thm  layer  (thickness  ~  10-250  nm)  of  Co/ Cr  and  a 
radius  of  10  nm.  Hre  force  sensitivity  of  tire  cantilever  is  well  within  tire  range  of  calculated 
theoretical  eddy  current  forces. 

For  tire  purpose  of  generating  eddy  currents  in  tire  sample,  an  air-core  electromagnetic  coil 
is  designed  with  a  radius  of  6  mm  and  100  turns  of  36  gauge  copper  wire.  Hre  sample  is 
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placed  on  the  coil  and  one  face  of  the  sample  faces  the  circular  end  of  Hie  coil.  The  opposite 
face  of  the  sample  faces  die  cantilever  with  die  magnetic  film  coated  dp.  Hie  coil  is  excited 
by  a  sinusoidal  radio  frequency  signal  from  a  signal  generator  (HP  33120A)  with 
appropriate  frequency  and  amplitude.  The  strength  of  the  eddy  currents  exponentially 
decreases  as  die  distance  increases  from  the  coil  into  die  sample.  The  circular  eddy  currents 
in  the  sample  produce  a  magnetic  field  tiiat  is  opposing  the  magnetic  field  of  die  coil.  The 
combined  electromagnetic  force  of  oscillating  magnetic  field  and  die  eddy  currents  in  die 
conducting  sample  produces  oscillations  of  die  magnetic  tip-cantilever.  For  die  purpose  of 
measuring  eddy  current  forces,  the  cantilever-tip  is  positioned  over  die  sample.  The 
oscillation  amplitude  of  die  cantilever  due  to  eddy  current  forces  is  detected  by  die  four- 
quadrant  photo-detector.  Hie  eddy  current  force  is  dien  determined  by  multiplying  die 
amplitude  with  the  spring  constant  of  die  cantilever.  The  amplitude  of  the  oscillation  of  die 
cantilever  is  proportional  to  die  conductivity  of  die  sample  material. 


Fig.  2.  A  schematic  diagram  of  die  scanning  eddy  current  force  microscopy  system 

The  electrical  conductivity  images  were  obtained  using  lift  mode  of  die  AFM.  Lift  mode 
allows  die  imaging  of  relatively  weak  but  long-range  interactions  while  minimizing  die 
effects  of  topography.  Measurements  are  taken  in  two  passes  across  each  scan  line,  hi  the 
first  pass,die  surface  topography  is  obtained  on  one  trace  and  retrace. Hie  tip  is  dien  raised 
to  die  lift  scan  height  and  a  second  trace  and  retrace  is  obtained  while  maintaining  constant 
separation  between  die  tip  and  die  surface  topography,  hi  die  second  pass,  long  range  tip- 
sample  interactions  are  measured,  hi  die  case  of  electrical  conductivity  imaging,  die 
interactions  are  long-range  magnetic  forces  between  die  magnetic  tip  and  eddy  currents  in 
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the  sample.  Therefore,  electrical  conductivity  imaging  is  performed  in  non-contact  fashion. 
The  output  of  the  photo-detector  and  tire  input  signal  to  the  coil  are  fed  into  a  lock-in 
amplifier  (SR  844).  Hie  lock-in  amplifier  measures  the  differential  amplitude  and  the 
difference  in  die  phase  between  the  signal  to  die  coil  and  die  photo-detector  signal.  The 
difference  in  amplitude  and  die  phase  detected  by  die  lock-in  amplifier  is  proportional  to 
die  electrical  conductivity  of  die  sample  under  die  magnetic  tip.  The  output  of  the  lock-in 
amplifier  and  die  controller  electronics  of  the  AFM  are  used  to  generate  surface  topography 
and  electrical  conductivity  images  sample  simultaneously. 

3.  Characterization  of  electrical  properties 

3.1  Experimental  measurement  of  eddy  current  forces 

Single  crystal  metallic  samples  of  copper,  cadmium,  aluminum  and  polycrystalline  platinum 
were  chosen  for  the  purpose  of  measuring  eddy  current  forces.  The  electrical  conductivity  of 
these  samples  are  respectively  5.961x10"  (£2m)_1,  3.745xl07(£2m)1,  1.36x10"  (£2m)_1  and  0.94 
xl0'(S2m)1.Tl\e  eddy  current  force  on  each  of  die  samples  was  measured  in  die  following 
way.  hi  die  first  step,  an  insulator  was  placed  in  the  field  of  the  coil  excited  with  AC  signal. 
The  force  on  magnetic  tip-cantilever  due  to  coil's  magnetic  field  was  measured  (Fins),  hi  die 
second  step,  die  insulator  was  replaced  by  die  metallic  sample  and  die  force  is  measured 
(Fm).  The  difference  between  die  two  forces  [F^-  Fm]  is  die  eddy  current  force  in  die  metallic 
sample  and  is  directly  dependent  on  die  electrical  conductivity  of  die  metal.  To  determine 
the  eddy  current  forces,  die  magnetic  tip  was  positioned  at  a  distance  of  50  ran  from  die 
surface  of  die  sample.  The  frequency  of  die  excitation  was  chosen  to  be  die  resonant 
frequency  of  die  cantilever  while  positioned  over  the  sample. 

Figure  3  compares  the  oscillation  amplitudes  of  the  AFM  cantilever  while  positioned  over 
different  metallic  samples.  The  frequency  of  die  excitation  was  82  kFIz.  It  can  be  seen  diat 
the  peak  to  peak  amplitude  is  different  for  different  metals.  Platinum  has  the  largest 
amplitude  and  copper  has  die  least  amplitude.  The  amplitudes  of  die  cantilever  over 
cadmium  and  aluminum  are  in  between,  hi  general,  the  amplitude  of  oscillation  decreases 
widi  increasing  electrical  conductivity.  The  amplitude  of  oscillations,  on  the  insulator  is  at 
least  five  times  higher  than  that  of  die  metals.  Hence,  it  was  not  included  in  die  figure  for  a 
direct  comparison.  The  difference  between  die  amplitude  of  oscillations  between  die 
insulator  and  die  metallic  samples  is  attributed  to  die  generation  of  eddy  currents  in  the 
metal,  hi  an  insulator,  die  magnetic  field  generated  by  die  coil  passes  through  die  insulator 
without  shielding.  Hence,  die  entire  magnetic  field  generated  by  the  electromagnetic  coil  is 
sensed  by  die  magnetic  tip,  producing  large  amplitude  oscillations  of  die  cantilever.  On  die 
odier  hand,  in  die  presence  of  a  metal,  die  oscillating  electromagnetic  field  generates  eddy 
currents  in  the  metal  shielding  significant  portion  of  the  magnetic  field  that  is  sensed  by  die 
magnetic  tip.  Hie  amplitude  of  oscillations  of  the  cantilever  on  die  metal  is  at  least  five  times 
smaller  than  on  insulator,  because  of  the  shielding  effect. 

The  amplitude  of  the  oscillations  can  be  used  to  evaluate  die  eddy  current  force  between  die 
sample  and  die  magnetic  tip  using  Hooke's  law.  Hie  spring  constant  of  die  cantilever  is  0.1 
N/m.  However,  since  die  cantilever  was  operated  at  the  resonant  frequency,  the  spring 
constant  of  die  cantilever  needs  to  be  modified  by  the  quality  factor,  Q  of  the  cantilever  to 
obtain  dynamic  spring  constant.  The  dynamic  spring  constant  was  determined  from  die 
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resonance  curve  for  tire  cantilever  using  a  method  given  in  tire  literature  (Sader,  1999).  1 
eddy  current  force  is  calculated  using  tire  modified  spring  constant.  In  order  to  measure 
eddy  current  force  over  a  range  of  separation  distance,  tire  oscillation  amplitude  of 
cantilever  was  measured  at  several  fixed  distances  up  to  550  imr.  lire  effect  of  tire  separat: 
distance  on  the  eddy  current  force  is  shown  in  Fig.  4. 


lire  eddy  current  force  decreases  exponentially  over  distance  and  tire  force  is  large  when 
separation  distance  is  less  than  100  imr.  Above  100  imr  separation,  the  force  decrea 
rapidly  and  levels  off  after  about  400  nnr.  hr  metals  with  higher  conductivity, 
exponential  decrease  of  tire  force  is  much  more  pronounced  while  in  lower  conductiv 
metals,  tire  decrease  in  tire  force  as  a  function  of  distance  is  gradual,  lire  solid  lines  in  Fi 
indicate  tire  exponential  fit  to  tire  data.  Tire  behavior  seen  in  Fig.4  is  similar  to  tire  fo 
curves  studied  in  MFM  (Murphy  &  Spalding,  1999).  Tire  similarity  is  due  to  the  fact  t 
both  MFM  and  eddy  current  force  microscopy  are  functionally  similar,  lire  eddy  cun' 
force  distance  curve  is  expected  to  follow  inverse  square  law  over  tire  entire  range 
distance.  Even  in  tire  force  curves  of  MFM  the  inverse  square  behavior  is  not  seen  for 
separation  distances  (Murphy  &  Spalding,  1999).  Tire  reason  for  this  behavior  is 
contribution  of  other  forces  in  tire  distance  ranges.  Tire  same  argument  holds  true  in  tire  c> 
of  eddy  current  forces  also.  Tire  inverse  square  law  is  observed  up  to  a  separation  distai 
of  300  run.  Beyond  500  imr,  tire  eddy  current  forces  are  weak  and  tire  amplitude  is  in  tlrerr 
noise  range. 
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Fig.  3.  Comparison  of  oscillation  amplitudes  of  tire  AFM  cantilever  on  different  metallic 
samples  at  a  separation  distance  of  50  nnr  and  air  excitation  frequency  of  82  kHz.  Tire 
waveforms  have  been  slightly  shifted  in  time  to  show  tire  waveforms  separately. 
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Fig.  4.  Effect  of  separation  distance  between  magnetic  tip  and  sample  surface  on  tire  eddy 
cement  force  in  different  metals. 


3.2  Imaging  electrical  conductivity  variations  in  bulk  conductors 

It  was  shown  that  the  force  due  to  the  eddy  currents  in  a  metal  changes  as  a  function  of 
electrical  conductivity.  Therefore,  by  mapping  tire  variations  in  the  eddy  current  forces  as 
the  tip  scans  over  tire  sample  surface,  one  should  be  able  to  obtain  air  inrage  of  electrical 
conductivity.  As  tire  conductivity  changes,  tire  magnitude  of  tire  eddy  current  force  changes 
and  therefore,  the  inrage  is  a  map  of  electrical  conductivity  variations.  Before  obtaining 
inrages,  it  is  important  to  know  the  resonance  spectra  of  tire  cantilever  in  order  to  achieve 
maximum  sensitivity.A  network  analyzer  (HP  8753D)  was  used  to  obtain  tire  resonance 
characteristics  of  tire  cantilever  coupled  with  tire  sanrple(N'alladega  et  al.,  2008b).  The 
resonance  peaks  of  tire  cantilever  while  positioned  over  copper  are  shown  in  Fig.  5.  The 
cantilever  has  resonance  peaks  at  severed  frequencies,  the  dominant  one  being  at  86  kHz 
with  other  peaks  at  280  kHz,  508  kHz,  and  580  kHz.  While  the  inrages  can  be  obtained  at  any 
of  these  frequencies,  inrages  obtained  around  86  kHz  will  have  maximum  contrast  in  tire 
inrages  due  to  the  maximum  amplitude  at  this  frequency.  Similar  experiment  was  also  done 
for  titanium  and  tire  resonance  peaks  in  this  case  were  observed  at  92  kHz,  275  kHz,  510 
kHz  and  600  kPIz.  Tire  resonance  spectra  of  other  nretals  (aluminum,  cadmium)  showed  tire 
peaks  at  similar  frequencies.  The  differences  in  tire  resonant  frequency  can  be  attributed  to 
many  factors  including  thickness,  conductivity,  eddy  current  forces,  penetration  depth  etc. 
(Siddoju  et  al.,  2006).  Therefore,  tire  resonant  characteristics  of  tire  cantilever  should  be 
characterized  before  obtaining  air  inrage. 
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Frequency  (kHz) 


Fig.  5.  Resonance  spectra  of  the  AFM  cantilever  positioned  on  copper  showing  multiple 
resonance  peaks. 

3.2.1  Carbon  fiber  reinforced  composite 

The  eddy  current  imaging  technique  was  first  applied  to  image  conductivity  variations  in  a 
material  with  httge  electrical  conductivity  variations.  For  this  purpose,  a  carbon  fiber 
composite  with  an  average  fiber  diameter  of  7  pm  was  chosen  (Nalladega  et  al.,  2007).  Hie 
electrical  resistivity  of  carbon  and  tire  polymer  matrix  is  0.006  £2 -cm  and  lxl0i5S2-cm 
respectively.  Figure  6  shows  topography  and  electrical  conductivity  images  of  carbon  fibers 
at  an  excitation  frequency  of  272  kHz  and  a  lift  height  of  50  nm.  The  image  on  the  left  shows 
AFM  topography  and  die  image  on  tire  right  is  the  eddy  current  image  showing  tire 
electrical  conductivity  variations  in  tire  composite. 

Tire  contrast  in  tire  AFM  inrage  is  due  to  variation  of  surface  height  and  blighter  regions 
indicate  higher  surface  heights.  Therefore,  tire  carbon  fibers  appear  bright  in  tire  inrage 
compared  with  tire  polymer  matrix  (Fig.  6a).  Fig.  6b  shows  tire  eddy  current  image  of  the  same 
region,  hr  the  eddy  current  inrage  the  fibers  appear  dark  while  the  polymer  matrix  appears 
bright.  The  difference  in  tire  contrast  is  due  to  tire  differences  in  tire  electrical  conductivity  of 
fiber  and  polymer.  Hre  matrix  is  almost  an  insulator  and  tire  magnetic  field  generated  by  the 
coil  passes  through  without  shielding  and  hence  less  clamping  of  the  cantilever,  producing 
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Fig.  6.  (a)  Surface  topography  and  (b)  eddy  current  images  of  carbon  fibers  reinforced  in 
polymer  matrix. 


large  amplitude  of  vibration  of  the  tip-cantilever.  Large  amplitude  produces  significant 
output  voltages  from  the  photo-detector.  When  the  tip  is  located  on  the  carbon  fiber,  the 
magnetic  field  of  eddy  currents  is  shielded  by  the  conductive  fibers.  Thus,  vibration  of  die 
cantilever  is  dampened  due  to  this  shielding.  Ther ef ore, the  magnetic  tip-cantilever 
measures  reduced  amplitude  compared  witii  polymer  matrix.  Reduced  amplitude  of  the 
cantilever  produces  lower  output  voltage  from  the  photo-detector.  Thus  die  carbon  fiber 
appears  darker  than  die  polymer  matrix  in  die  eddy  current  image.  Consequently,  in  eddy 
current  images,  darker  contrast  indicates  higher  conductivity  regions  and  brighter 
contrast  indicates  less  conductivity  regions.  The  scale  bar  in  die  eddy  current  image 
represents  die  output  voltage  from  die  photodiode  detector,  which  is  proportional  to  die 
electrical  conductivity. 

A  higher  magnification  conductivity  image  of  die  composite  is  shown  in  Fig.7.  Along  witii 
die  image  a  section  analysis  along  the  line  shown  in  die  image  (Fig.  7b),  is  also  presented. 
The  profile  above  die  center  line  represents  die  matrix  and  below  die  center  line  represents 
die  fiber.  The  section  analysis  shows  die  variation  of  die  amplitudes  of  die  vibration  of  die 
cantilever  as  it  scans  the  surface.  The  variation  in  amplitude  is  due  to  die  variation  in  die 
magnetic  field  as  die  tip  scans  die  surface.  The  strength  of  die  magnetic  field  generated  due 
to  eddy  currents  is  directly  proportional  to  die  electrical  conductivity.  Hence,  die  section 
analysis  of  die  eddy  current  image  shows  die  variations  in  relative  conductivity.  The  section 
analysis  shows  that,  at  some  regions  tiiere  is  a  sharp  transition  in  conductivity  profiles  at  die 
boundary  of  matrix  and  fiber,  while  at  otiier  regions  tiiere  is  a  gradual  transition  at  the 
boundary,  as  shown  by  arrows  in  tile  image,  hi  composite  materials,  it  is  very  important  for 
die  proper  bonding  between  die  fiber  and  die  matrix  at  die  interface  for  maximum  strength. 
Therefore,  characterization  of  interface  is  important  to  estimate  die  strengtii  of  the 
composite.  The  image  at  die  interface  shows  tiiat  high  resolution  imaging  is  possible  using 
eddy  current  AFM.  Thus,  tiiis  technique  is  well  suited  for  die  characterization  of  die 
interface  in  composite  materials  based  on  die  variations  in  electrical  conductivity. 
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Fig.  7.  A  high  resolution  eddy  current  image  of  tire  carbon  fibers  and  the  section  analysis 
tilong  the  line  shown  in  the  figure. 


3.2.2  Dual  phase  titanium  alloy 

In  electrically  anisotropic  metals,  the  electrical  conductivity  varies  from  grain  to  gram  due  to 
crystallographic  orientation.  An  excellent  example  for  the  electrically  anisotropic  metallic 
alloy  is  a  dual-phase  titanium  alloy,  Ti-6Al-4V.Ti-6Al-4V  alloys  are  used  in  high 
performance  aerospace  applications  that  require  high  toughness,  good  fatigue  strength,  and 
good  corrosion  resistance.  Titanium  exists  in  two  crystal  structures:  hexagonal  close  packed 
(a-phase)  and  body  centered  cubic  (/3-phase).  The  two  phases  often  exist  together  in  a-fi 
alloys.  The  hexagonal  phase  has  anisotropic  electrical  conductivity,  hr  pine  titanium  the 
electrical  resistivity  in  tire  basal  plane  is  45.35  |i52  cm  and  48  (i£2  cnr  in  a  plane  normal  to 
basal  plane  (Meaden,  1965).  Thus  grains  with  different  crystallographic  orientation  will  have 
different  electrical  conductivity.  Tire  electrical  conductivity  of  tire  two  phases  is  expected  to 
be  close,  hr  order-  to  test  the  feasibility  of  imaging  small  changes  in  conductivity  using  the 
eddy  current  AFM,  the  technique  was  applied  to  a  dual  phase  Ti-6A1-4V  sample  (Nalladega, 
et  al.,  200Sb).  Tire  nricrostructure  of  the  alloy  consists  of  circular  primary  a  grains  with  a 
gram  size  of  10-20  pm  and  fine  lamellar  a+fi  platelets. 

Figure  8  shows  surface  topography  and  eddy  current  inrages  on  tire  Ti-6A1-4V  sample.  Tire 
inrage  was  obtained  at  an  excitation  frequency  of  92  kHz  at  a  lift  scan  height  of  50  run,  between 
tire  tip  and  sample.  From  Fig.  4,  it  is  evident  that  for  higher  sensitivity  the  separation  distance 
should  be  less  than  100  mrr.  Therefore,  tire  eddy  current  inrages  shown  in  this  chapter  are 
obtained  at  a  lift  height  of  less  than  100  nnr.  Tire  surface  topography  inrage  shows  a  grains,  tire 
(a+p)  grains  and  a  platelets  inside  (a+p)  grains  with  a  maximum  vertical  height  of  800  nnr  (Fig. 
8a).  Tire  /?  between  tire  a  platelets  cannot  be  observed  clearly  in  tire  topography  inrage.  Tire 
eddy  current  force  inrage  (Fig.  Sb)  shows  quite  good  contrast.  Tire  large  a  grains,  tire  (a+[3) 
grams  and  tire  a  platelets  inside  (a+/5)  grants  can  be  observed  with  significant  contr  ast.  Some 
of  the  large  a  grains  that  appear  as  a  single  grain  in  the  AFM  inrage  appear  to  be  consisting  of 
smaller  grains  and  a  plates  when  viewed  in  the  eddy  current  inrage.  The  difference  in  contrast 
in  tire  eddy  current  intageis  due  to  tire  difference  in  tire  electrical  conductivities  of  a  and  /? 
phases.  Since  tire  electrical  conductivities  of  tire  two  phases  are  different,  tire  vibration 
amplitudes  of  tire  cantilever  and  hence  tire  ecldy  current  forces  will  be  different  in  tire  two 
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(a)  (b) 


Fig.  S.  (a)  Surface  topography  and  (b)  eddy  current  AFM  inrages  of  dual  phase  titanium 
alloy,  Ti-6Al-4V  (Nalladega  et  al.,  200Sb).  (Reprinted  with  permission  from  American 
Institute  of  Physics) 

phases.  Consequently,  tire  contrast  shows  bright  to  dark  variations  depending  on  the  changes 
in  conductivity  .The  lamellar  structure  can  be  clearly  resolved  in  tire  eddy  current  image. 
Contrast  among  large  a  grains  can  also  be  observed  in  the  eddy  current  inrage.  Thus,  tire 
conductivity  inrage  shows  significantly  more  structure  than  tire  topography  inrage.  Tire  eddy 
current  inrage  on  tire  titanium  shows  that  tire  technique  is  sensitive  to  tire  small  changes  in  the 
electrical  conductivity  of  tire  material.  Tire  conductivity  of  tire  f  phase  is  different  compared  to 
a  phase.  Tire  difference  in  the  electrical  conductivity  between  tire  two  phases  and  tire 
anisotropy  in  conductivity  of  tire  a  phase  enhances  tire  contrast  in  eddy  current  images.  These 
factors  help  in  tire  observation  of  multiple  grains,  platelets  in  large  a  grains  drat  appear  to  be 
single  grain  in  AFM  topography  inrages.  Although  dre  surface  roughness  among  dre  different 
phases  and  platelets  are  very  small  to  show  significant  contrast  in  AFM  inrages,  tire  electrical 
conductivity  is  significantiy  different  among  different  phases  of  the  material  and  tire 
anisotropy  of  electrical  conductivity  enhances  tire  contrast  in  eddy  current  inrages. 

A  high  magnification  inrage  of  the  platelets  in  the  titanium  alloy  is  presented  in  Fig.  9.  A 
section  analysis  along  tire  lure  shown  in  tire  inrages  showing  tire  variations  in  topography 
and  conductivity  respectively  is  also  shown,  hr  some  regions  it  has  needle  like  grains  of 
alpha  phase  within  a  large  grain.  Tire  surface  topography  inrage  shows  the  needle  like 
grains  oriented  in  different  directions  (Fig.9a).  Tire  contrast  is  fuzzy  and  identifying 
individual  platelets  is  difficult.  On  tire  other  hand  tire  eddy  current  inrage  (Fig.  9b)  shows 
tire  platelets  with  enhanced  contrast  at  tire  boundary.  The  contrast  at  the  grain  boundary  is 
quite  strong  because  of  significant  change  in  tire  conductivity  and  due  to  modification  of  the 
eddy  currents  near  tire  boundary.  Tire  conductivity  is  modified  near  the  grain  boundaries 
due  to  extra  scattering  of  tire  electrons.  The  widths  of  the  dark  and  bright  phases  shown  in 
the  line  scan  of  tire  eddy  current  inrage  are  560  imr  and  520  nnr  respectively. 

Tire  eddy  currents  diffuse  from  the  bottom  of  the  sample  through  tire  thickness  of  tire  sample. 
Heirce,  tire  eddy  current  force  is  an  average  over  tire  thickness  of  the  sample.  If  tire  electrical 
conductivity  is  inhomogeneous  in  tire  thickness  direction,  tire  eddy  current  force  is  an  average 
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Fig.  9.  (a)  Surface  topography  and  tire  corresponding  line  scan  across  tire  line  shown  in  tire 
topography  inrage,  (b)  Eddy  current  inrage  and  tire  corresponding  line  scan  across  tire  line 
shown  in  tire  eddy  current  inrage  of  dual-phase  titanium  alloy. 


over  tire  sample  thickness.  While  this  appears  to  be  a  limitation  of  tire  technique,  it  may  be 
useful  in  imaging  subsurface  defects  or  cracks  that  cause  inhonrogeneities  in  electrical 
conductivity,  hr  fact  this  has  been  effectively  used  in  eddy  current  NDE(Huang  et  al.,  2006). 


4.  Spatial  resolution  of  the  eddy  current  AFM 

A  carbon  nanofiber  reinforced  composite  was  used  to  determine  tire  spatial  resolution  of  the 
eddy  current  AFM  (Nalladega  et  al.,  200Sb).  Tire  diameters  of  tire  fibers  are  in  the  range  of 
20-100  imr  and  tire  length  is  known  to  be  in  the  range  of  fraction  of  microns  to  tens  of 
microns.  Figure  10  shows  tire  topography  and  eddy  current  inrages  of  the  carbon  nanofibers, 
together  with  section  analysis  along  a  single  fiber,  as  shown  in  the  figure.  Tire  images  were 
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Fig.  10.  (a)  Surface  topography  and  (b)  eddy  current  inrages  of  carbon  nanofibers  (Nallaclega 
et  al.,  200Sb).  (Reprinted  with  pemussion  from  American  Institute  of  Physics). 

obtained  at  an  excitation  frequency  of  S5  KHz  and  a  lift  height  of  50  nm.  A  25  nm  diameter 
nanofiber  can  be  resolved  in  eddy  current  inrages,  hr  tire  experiment,  a  magnetic  tip  with  a 
nominal  diameter  of  20  imr  was  used  for  inragurg.  Tire  magnetic  field  sensed  by  the  tip  is 
larger  than  the  diameter  of  tire  tip.  Hre  spatial  resolution  in  AFM  depends  on  tire  diameter 
of  the  probe  and  interaction  forces  between  the  tip  and  the  sample  (Banerjee  et  al.,  19%; 
Hutter  &  Bechlroefer,  1993a).  Long  range  tip-sample  interaction  forces  degrade  the 
resolution  of  tire  AFM  (Goodman  &  Garcia,  1991;  Hutter  &  Beclrhoefer,  1993b).  Since  the 
magnetic  forces  due  to  tire  eddy  currents  are  long  range  interaction  forces  and  tire  magnetic 
tip  interacts  with  a  volume  of  magnetic  field  larger  than  tire  tip  diameter,  the  resolution  is 
slightly  larger  than  tire  tip  diameter. 

5.  Low-frequency  electromagnetic  properties  of  nanostructured  materials 

Tire  reduction  of  tire  size  of  metals  results  in  significant  changes  in  the  elec tronragne tic 
properties  compared  with  tire  bulk  metals,  hr  particular,  the  electromagnetic  response  of 
metallic  nanoparticles  is  the  subject  of  many  research  efforts  during  tire  last  decade  (Kelly  et 
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al.,  2003;  Michaels  et  al.,  1999;  Tominaga  et  al.,  2001).  The  metallic  nanoparticles  show 
plasmon  resonance  when  subjected  to  electromagnetic  fields.  Plasmon  resonance  occurs  due 
to  coherent  oscillation  of  the  conduction  band  electrons  induced  by  the  incident  EM  field  at 
op ticalf requencies.  Hie  surface  plasmon  resonance  in  metallic  nanoparticles  is  usually 
characterized  using  near-field  optical  techniques  such  as  scanning  near-field  optical 
microscopy  (SNOM)  (Courjon,  2003;  Okanroto,  2006).  Hie  plasmon  resonances  in  the 
metallic  nanoparticles  occur  in  the  optical  frequency  range  and  they  result  in  powerful 
localized  sources  of  electric  field.  In  these  techniques,  the  electric  field  around  the 
nanoparticle  is  imaged. 

While  the  electromagnetic  properties  of  nanoparticles  have  been  extensively  studied  at 
optical  frequencies,  little  information  is  available  on  the  low  frequency  (less  than  1  MHz) 
interaction  of  electromagnetic  waves  with  metallic  nanoparticles.  It  is  known  that  in  the 
presence  of  an  external  magnetic  field,  low  frequency  electromagnetic  waves  can  propagate 
as  helicons  in  metals  (Maxfield,  1969;  Petrashov,  19S4).  Helicons  are  circularly  polarized 
electromagnetic  waves  that  propagate  with  very  low  phase  velocity.  When  Are  mean  free 
pa tli  of  electrons  is  sufficiently  large  and  Are  frequency  oo  of  Are  wave  is  low  enough.  Are 
electrons  affected  by  Are  Lorentz  force  would  drift  in  Are  direction  perpendicular  to  the 
plane  formed  by  Are  uniform  magnetic  field  and  Are  electric  field  of  Are  wave.  Helicon 
resonance  modes  in  nretals  can  be  observed  whenever  Are  helicon  frequency  approaches  the 
cyclotron  frequency,  i.e.  go— Kac.  The  cyclotron  frequency  goc,  is  given  by 


m'c 


(17) 


where  c  is  the  electron  charge.  Bo  is  Are  static  magnetic  field,  m*  is  the  effective  mass  of  the 
electron  and  c  is  the  speed  of  light,  hr  addition.  Are  local  conditions,  viz.,  got  «  1,  and  kl«l 
have  to  be  satisfied.  Here,  go  is  the  excitation  frequency,  t  is  the  relaxation  time  of  Are 
electrons,  k  =2t/a  is  Are  helicon  wave  vector  and  l  is  the  electron  mean  free  paAr.  Hre  local 
conditions  are  fulfilled  for  the  frequencies  co<  10s  s-1.  Hre  phase  velocity  of  helicons  is 
smaller  Aran  the  speed  of  the  fight.  At  typical  metallic  densities.  Are  plasma  frequency,  cop 
=10io  sec-1;  for  a  frequency  co  =10"  sec-1  and  coc  =1011  sec-1,  the  phase  velocity  of  a  helicon  is 
approximately  30  nr/ s.  Hre  magnetic  field  of  helicon  wave  is  much  larger  Aran  Are  magnetic 
field  of  air  ordinary  electromagnetic  wave  with  Are  same  electric  field. 

Helicon  wave  propagation  and  its  resonance  have  been  observed  fir  high  purity  metals  only 
at  very  low  temperatures  (Bowers,  1961;  Chambers,  1962;  Houck,  1964;  Taylor,  1963).  At 
very  low  temperatures.  Are  electron  mean  free  paAr  of  most  nretals  is  fir  nmr  range.  To 
observe  helicon  resonances,  air  electromagnetic  coil  is  excited  with  frequency  in  MHz  range. 
Hre  sample  and  the  coil  are  placed  fir  a  static  magnetic  field  of  1-100  kG  and  cooled  to  liquid 
helium  temperature.  Hre  impedance  of  Are  cod  is  measured  as  Are  magnetic  field  is  varied. 
Helicon  resonance  modes  fir  nretals  can  be  observed  when  Are  excitation  frequency 
approaches  Are  cyclotron  frequency,  fir  a  typical  nretal  placed  fir  an  external  static  magnetic 
field  of  1  kG,  Are  cyclotron  frequency  is  about  10  MHz. 

Hre  election  mean  free  paAr  of  gold  at  room  temperature  is  about  50  nnr.  However,  the 
cyclotron  resonance  frequency  at  a  magnetic  field  of  lkG  is  approximately  10°-107  Hz.  To 
observe  helicon  resonances  at  room  temperature  the  electromagnetic  frequencies  have  to  be 
fir  Are  range  of  10-100  MHz.  Eq.  (17)  shows  that  helicon  wave  propagation  at  low 
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frequencies  in  metallic  nanoparticles  can  occur  if  either  tire  effective  mass  is  large  or  the 
static  magnetic  field  is  extr  emely  high. 

It  was  shown  that  tire  effective  mass  of  electrons  can  be  dramatically  increased  in  artificial 
metallic  lattice  structures  made  of  thin  metallic  wires  (Pendry  et  al,  1996).  When  the  metallic 
structure  was  subjected  to  an  electromagnetic  field,  it  lias  been  shown  that  tire  effective  mass 
of  tire  election  increased  by  four  orders  of  magnitude.  By  confining  electrons  to  thin  wires,  air 
enhancement  of  their  mass  was  achieved  by  4  orders  of  magnitude.  Consequently,  the  plasma 
frequency  was  reduced  to  GHz  range  from  UV  or  optical  frequency  ranges.  Following  similar 
arguments,  for  a  periodic  array  of  metallic  nanoparticles  of  gold  or  silver  with  diameter  of  200 
nnr,  and  1  urn  spacing,  it  can  be  shown  that  the  effective  mass  of  tire  electron  increases  by  two 
orders  of  magnitude  and  tire  effective  electron  density  decreases  by  three  orders  of  magnitude. 
Tire  cyclotron  resonance  frequency  was  found  to  be  few  hundred  kHz  in  a  magnetic  field  of  1 
kG,  and  tire  phase  velocity  of  helicons  was  less  than  100  nrnr/ s.  Thus  it  is  possible  to  generate 
helicon  waves  and  resonances  in  metallic  structures  at  very  low  frequencies  at  room 
temperatures  whenever  these  conditions  are  satisfied. 

The  eddy  current  AFM  system  was  used  to  detect  and  image  helicon  resonances  in  a 
distribution  of  metallic  nanoparticles  (Nallaclega  et  al.,  2011).  Nanoparticles  of  platinum 
were  deposited  on  a  glass  substrate  using  a  process  known  as  Through  Thin  Film  Ablation 
(TTFA)(Murray  &  Shin,  200S).  Tire  target  consisted  of  20  imr  thur  film  of  Pt  that  was  sputter 
deposited  onto  a  UV  transparent  fused  silica.  Tire  target  was  then  ablated  through  the  silica 
support  at  an  energy  density  of  0.5-1.0  J/cnr2.  Tire  nairop articles  are  synthesized  without 
agglomeration  and  have  a  uniform  size  distribution.  Figure  11  shows  a  SEM  micrograph  of 
platinum  nanoparticles  synthesized  using  11  FA. 


Fig.  11.  Distribution  of  the  platinum  nanoparticles  synthesized  using  through  thin  film 
ablation  process. 

Figure  12  shows  surface  topography  and  tire  eddy  current  inrages  of  individual  platinum 
nanoparticles  obtained  at  90  kHz.  Fig.  12a  shows  the  surface  topography  and  ecldy  current 
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Fig.  12.  Surface  topograplryand  eddy  current  images  of  Pt  nanoparticles  (Nalladega  et  al., 
2011).  (Reprinted  with  permission  from  Amciicim  Institute  of  Physics) 

images  of  a  250  nm  diameter  naiioparticle.  Hie  eddy  current  image  shows  a  darker  contrast 
varying  uniformly  across  the  nanoparticle.  Figure  12b  shows  another  nanoparticle  with  500 
nm  diameter  at  tire  same  frequency.  Tire  surface  topography  image  is  similar  to  tire  250  imr 
particle  but  tire  contrast  in  tire  eddy  current  image  is  very  different.  Tire  inrage  shows  a  particle 
with  half  bright  and  half  dark  regions.  The  contrast  in  eddy  current  AFM  is  based  on  tire 
electrical  conductivity.  Thus,  it  appears  there  is  a  variation  in  electrical  conductivity  within  tire 
particle.  Flowever,  it  is  extremely  unlikely  that  a  single  particle  can  have  two  different 
conductivities  especially  if  the  particle  is  made  of  single  material.  Figure  13  shows  tire 
topography  and  eddy  current  inrages  of  platinum  nanoparticles  at  a  different  region  of  tire 
sample  at  90  kHz.  Hre  images  show  three  platinum  nanoparticles  of  different  size.  Again,  tire 
eddy  current  inrage  distinctly  shows  different  contrast  among  tire  nanoparticles.  Two  of  tire 
nanoparticles  are  seen  with  a  contrast  similar  to  that  of  Fig.  12b.  A  nanoparticle  with  800  nm 
diameter  and  a  dark  region  between  two  bright  regions  can  also  be  seen  in  tire  inrage. 


20 

Distribution  A.  Approved  for  public  release;  distribution  unlimited. 


0  (a)  192  pm  o  (b)  192  gm 

Fig.  13.  (a)  Surface  topography  and  (b)  eddy  current  images  of  platinum  nanoparticles.  Tire 
800  mn  Pt  particle  is  split  into  three  parts  showing  bright-dark-bright  contrast  within  the 
particle  (Nalladega  et  al.,  2011).  (Reprinted  with  permission  from  American  Institute  of 
PJtysics) 


The  eddy  current  images  shown  in  Fig.  12  and  13  are  similar  to  tire  surface  plasmon 
resonance  images  on  spherical  metallic  nanoparticles  reported  in  tire  literature  (Kelly  et  al., 
2003;  Michaels  et  al.,  1999;  Tominaga  et  al.,  2001;Courjon,  2003;  Okamoto,  2006).  Based  on 
tire  similarity  of  the  plasmon  resonance  inrages  of  nanoparticles  with  tire  inrages  shown  in 
Fig.12  and  13,  it  appears  tire  inrages  show  tire  resonance  behavior  of  tire  nanopartieles  at  low 
frequencies.  While  tire  optical  techniques  inrage  tire  electric  field  aroiurd  tire  nanoparticle,  tire 
eddy  current  AFM  inrages  tire  magnetic  field  around  the  nanoparticle.  Therefore,  we  believe 
tire  source  of  tire  contrast  seen  in  tire  above  inrages  is  due  to  tire  resonances  of  low-frequency 
electromagnetic  waves  like  helicons.  This  is  further  reinforced  by  tire  decrease  in  plasmon 
frequencies  of  artificial  nanostructures  (Pendry  et  al,  1996).  Since  a  sharp  magnetic  probe  is 
used  instead  of  a  pick-up  coil  to  detect  tire  helicons,  it  is  now  possible  to  image  helicon 
resonance  modes  with  nanometer  resolution. 


The  magnetic  field  inrages  of  the  nanoparticles  can  be  compared  with  the  magnetic  lines  of 
force  of  spherical  particles  subjected  to  electromagnetic  radiation.  The  magnetic  lines  of 
force  of  spherical  particles  for  different  resonance  modes  are  schematically  shown  in  Fig.  14. 
Fligher  order  resonances  have  been  observed  in  bigger  particles  in  tire  sample  showing 
regions  of  bright  and  dark  band  contrast  Tire  shapes  of  tire  resonances  have  been  observed 
to  change  with  tire  diameter  as  well  as  tire  shape  of  the  particle.  Tire  contrast  can  be 
explained  based  on  accommodating  tiny  magnetic  inside  tire  particle  with  alternating  tire 
magnetic  poles  such  that  no  two  adjacent  magnetic  poles  are  alike. 

Although  tire  helicon  resonance  calculations  assume  periodic  arrangement  of  square  array, 
it  was  shown  that  for  significant  decrease  of  plasmon  resonance  frequency  tire  actual  lattice 
geometry  may  not  be  significant  (Pendry  et  al.,  1996).  The  experimental  configuration 
developed  in  this  work  allows  visualizing  the  helicon  resonances  in  individual  members  of 
the  structure  with  varying  dimensions  of  tire  metallic  nanoparticles  and  interparticle 
spacing. 
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Fig.  14.  Magnetic  lines  of  force  for  tire  first,  second,  and  third  resonance  modes  in  spherical 
particles  and  tire  correspondingnragnetic  field  inrages  of  Pt  nanoparticles  (Nalladega  et  al., 
2011).  (Reprinted  with  permission  from  American  Institute  of  Physics) 


6.  Characterization  of  magnetic  properties 

In  MFM,  a  ferromagnetic  probe  is  attached  tire  cantilever  and  scanned  across  a 
ferromagnetic  sample  to  measure  tire  magnetic  interactions  between  tire  tip  and  tire  sample. 
For  soft  magnetic  samples,  tire  magnetization  of  tire  sample  will  be  affected  by  tire  stray 
magnetic  field  of  the  tip.  Therefore,  the  interpretation  of  tire  magnetic  contrast  in  MFM 
inrages  for  such  samples  is  difficult.This  has  led  to  tire  characterization  of  magnetic 
properties  without  a  magnetic  probe  (Hoffmann  et  al.,  1998).  Tire  technique  uses  a  vibrating 
non-nragnetic  conducting  tip  to  inrage  tire  magnetic  domains  of  a  ferromagnetic  sample.  Tire 
oscillatnrg  conducting  tip  induces  currents  within  tire  tip  which  is  dependent  on  the 
magnetic  properties  of  tire  sanrple.Experinrental  techniques  to  inrage  nragnetostrictive 
properties  of  magnetic  materials  using  AFM  have  also  been  reported  in  tire  literature 
(Berger  et  al.,  2000;  Wittbom  et  al.,  2000;  Polushkin  et  al.,  2003). 

When  a  magnetic  field  is  applied  to  a  magnetic  material,  strains  are  generated  in  the 
material.  This  phenomenon  is  known  as  magnetostriction.  When  air  oscillating  magnetic 
field  is  applied  to  a  ferromagnetic  material,  nragnetostrietive  strains  are  induced  based  on 
tire  frequency  of  the  excitation.  The  nragnetostrictive  strain  does  not  change  tire  sign  when 
the  direction  of  the  field  is  reversed.  Therefore,  the  material  produces  strains  at  twice  the 
excitation  frequency.  The  strain  due  to  magnetostriction  is  dependent  on  the  magnetization 
of  the  domains  and  provides  information  about  tire  magnetoelastic  properties.  Therefore, 
magnetostriction  can  be  used  to  study  tire  magnetic  properties.The  eddy  current  AFM 
system  has  been  modified  to  inrage  magnetic  properties  with  a  nonmagnetic  probe 
(Nalladega  et  al,  2009).  The  approach  is  based  on  tire  measurement  of  strains  due  to 
magnetostriction  in  magnetic  materials.  Since  the  strains  produced  are  a  function  of 
magnetization  of  individual  domains,  this  technique  can  be  used  to  image  magnetic 
domains  without  tire  need  of  a  magnetic  probe.  Tire  technique  is  used  to  image  differences 
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in  magnetostriction  in  amorphous  and  nanocrystal  line  magnetic  melt  spun  ribbons.  The 
contrast  is  explained  based  on  the  magnetostrictive  interactions  between  a  tionmagncHcptobe 
and  ferromagnetic  material. 

Amorphous  and  nanocrystalline  magnetic  ribbons  of  the  nominal  composition  FeSiBNbCu 
alloy  were  used  for  this  purpose.  These  materials  are  also  known  as  FINEMET  alloys 
(Yoshizawa  et  al.,  19S8;  McHenry  et  al.,  2003;  Herzer,  1993).  Tire  nanocrystalline  magnetic 
ribbon  of  FINEMET  alloy  is  composed  of  nanosized  crystallites  embedded  in  a  residual 
amorphous  matrix.  Hie  nanocry  s  tall  me  phase  exhibit  exceptionally  soft  magnetic  properties 
which  arise  from  a  very  small  magnetostriction  (Slawska-Waniewska  &  Lachowicz,  2003). 
An  AC  magnetic  field  with  a  frequency  f=58  kHz  was  applied  to  die  sample.  Since 
magnetostriction  is  proportional  to  2 f,  the  excitation  frequency  was  chosen  such  that  the  2 f 
frequency  is  close  to  the  resonant  frequency  of  the  cantilever  in  contact  with  the  sample.  A 
contact  mode  nonmagnetic  AFM  tip  was  scanned  across  tire  sample  in  contact  mode.  The 
magnetostrictive  strains  cause  tire  cantilever  to  oscillate  at  2 f  frequency.  The  amplitude  of 
vibration  of  tire  cantilever  at  2 f  frequency  is  detected  by  the  lock-in  amplifier  to  obtain 
topography  and  magnetostriction  images  simultaneously. 

Figure  15  shows  tire  topography  and  magnetostriction  inrages  on  tire  amorphous  sample.  Tire 
surface  topography  inrage  (Fig.  15a)  shows  a  uniform  contrast  with  no  visible  features. 
However  tire  magnetostrictive  inrage  (Fig.  15b)  shows  circular  bright  and  dark  regions  within 
tire  scan  area.  Tire  bright  regions  correspond  to  larger  amplitudes  of  cantilever  vibration  and 
consequently  higher  strains.  Tire  dark  regions  indicate  drat  die  amplitudes  of  dre  cantilever 
vibration  are  small  and  drus  correspond  to  relatively  lower  strains  due  to  magnetostriction. 
Therefore,  dre  image  shows  that  drere  is  a  variation  in  the  local  magnetostriction.  Tire 
amorphous  magnetic  ribbons  exhibit  higher  saturation  magnetostriction.  This  is  confirmed  by 
dre  brighter  regions  in  the  magnetostriction  inrage.  Since  magnetostrictive  strain  is  a  function 
of  dre  magnetization  of  each  domain,  dre  magnetostriction  inrage  can  be  used  to  identify' 
magnetic  domains.  Tire  bright  and  dark  regions  represent  magnetic  domains  (Takata  & 
Tonriyanra,  2000),  as  shown  by  arrows  in  Fig.  15b. 


Fig.  15.  (a)  Surface  topography  and  (b)  magnetostriction  inrage  of  amorphous  magnetic 
ribbon  sample.  Some  of  dre  domains  are  indicated  by  arrows. 

Figure  16  shows  the  surface  topography  and  the  magnetostriction  images  of  dre 
nanocrystalline  sample.  The  inrages  show  dre  formation  of  crystals  due  to  dre  aimealurg  of 
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amorphous  sample  with  the  size  of  the  nanocrystals  ranging  from  50  nm-100  nm.  Th 
topography  image  (Fig.  16a)  shows  the  nanocrystals  embedded  in  amorphous  matrix  with 
maximum  vertical  height  of  200  nm.  In  tire  magnetostriction  image  (Fig.lOb),  most  of  th 
nanocrystalline  phase  appears  with  dark  indicating  tire  magnetostriction  is  snralle 
compared  to  drat  of  amorphous  phase.  However,  the  presence  of  dark  and  blight  region 
locally  can  be  observed.  This  indicates  tire  presence  of  a  small  effective  saturate 
magnetostriction.  Figure  17  shows  a  higher  magnification  inrage  of  tire  nanocrystallin 
phase  of  tire  sample.  Brighter  regions  within  a  domain  can  be  observed  in  th 
magnetostriction  image  (Fig.lTb).  This  indicates  tire  saturation  of  magnetostriction  in  th 
donranr.  This  results  in  a  deformation,  dependent  on  tire  magnetization  direction  of  th 
domain  (Takata  &  Tomiyanra,  2000).  At  tire  donranr  wall  the  magnetic  moments  change 
cliiection,  resulting  in  tire  deformation  of  material.  The  magnetization  of  tire  sample  is  ir 
plane  and  tire  external  magnetic  field  is  perpendicular  to  tire  plane.  Therefore  each  of  th 
domains  is  subjected  to  rotational  forces  and  consequently  tire  amplitude  of  AFM  cantileve 
is  large  near  tire  domain  walls.  Based  on  this  interpretation,  tire  brighter  region  shown  b 
the  arrow  (Fig.  17b)  is  a  donranr  wall  with  a  width  of  40  nm. 


II  S  |im  0  S  |im 


Fig.  16.  (a)  Surface  topography  and  (b)  magneto-elastic  inrages  of  nanocrystalline  magnetic 
ribbon  sample.  Nanocrystalline  phase  can  be  observed  in  tire  inrages. 


Fig.  17.  A  high  magnification  (a)  surface  topography  and  (b)  nragneto-elastic  inrages  of  tire 
nanocrystalline  FINEMET  alloy  magnetic  ribbon.  A  clomaur  wall  with  a  width  of  40  nm  is 
shown  by  arrow. 
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7.  Conclusion 


A  new  AFM  based  method  to  measure  and  image  electrical  properties  of  material  with 
nanometer  resolution  and  high  sensitivity  is  presented.  Hie  technique  is  based  on 
generating  eddy  currents  in  conductors  and  using  a  magnetic  tip  to  image  tire  magnetic  field 
due  to  eddy  currents.  Tire  magnetic  fields  generated  are  a  f miction  of  the  electrical 
conductivity  of  the  sample.  Thus  the  image  is  a  representation  of  the  electrical  conductivity. 
A  cantilever  with  a  spring  constant  of  0.1  N/m  was  selected  for  the  experiments  for 
maximum  sensitivity.  Eddy  currents  in  the  samples  were  generated  by  a  small 
electromagnetic  coil.  An  external  electronic  instrumentation  module  was  developed  to 
generate  images  of  both  surface  topography  and  electrical  properties  simultaneously  at  a 
given  location  on  tire  sample.  Tire  electrical  conductivity  measurements  are  obtained  in 
noncontact  mode.  Eddy  current  forces  were  experimentally  measured  in  different  metals.  It 
was  shown  that  tire  magnitude  of  tire  eddy  current  forces  in  the  metal  is  related  to  its 
electrical  conductivity.  Tire  effect  of  separation  distance  between  tire  tip  and  tire  sample 
surface  was  also  studied.  It  was  shown  that  for  maximum  sensitivity  tire  tip-sample 
separation  should  be  less  than  100  nnr. 

The  technique  was  used  to  inrage  carbon  fibers  reinforced  in  a  polymer  matrix.  Tire 
contrast  in  the  inrages  is  explained  based  on  the  huge  electrical  conductivity  variation 
between  the  fibers  and  tire  matrix.  Next,  small  variations  in  electrical  conductivity 
variations  in  a  dual-phase  titanium  alloy,  Ti-6AMV  were  imaged.  Tire  clifferexrce  in 
electrical  conductivity  from  a  and  (3  phases  of  the  alloy  is  small.  Also,  tire  difference  in  tire 
electrical  conductivity  of  tire  HCP  phase  is  around  6%.  Tire  eddy  current  AFM  was  able  to 
distinguish  between  two  phases  based  on  electrical  conductivity  variations.  Contrast 
difference  from  grain  to  grain  was  also  observed.  Tire  spatial  resolution  of  tire  system  was 
found  to  be  approximately  25  nnr. 

hr  addition  to  the  electrical  characterization,  the  technique  was  also  used  to  characterize 
magnetic  and  electromagnetic  properties  at  tire  nanoscale  with  minor  modifications.  The 
low-frequency  electromagnetic  interaction  with  metallic  nanoparticles  was  studied  for  the 
first  time  using  tire  technique.  It  was  demonstrated  that  it  is  possible  to  generate  and  inrage 
helicon  wave  resonances  in  metallic  nanostructures  with  nanometer  resolution.  Tire  same 
methodology  was  modified  slightly  to  inrage  magnetic  properties  using  a  nonmagnetic  probe 
in  contact  mode.  Tire  approach  was  based  on  nragnetostrictive  strains  in  ferromagnetic 
samples  subjected  to  alternating  magnetic  field.  Magnetostriction  images  were  obtained  on 
amorphous  and  nanocrystalline  magnetic  ribbon  samples.  The  inrages  show  that  it  is 
possible  to  inrage  magnetic  domains  without  a  magnetic  probe. 

The  eddy  current  AFM  combines  tire  localized  nature  and  high  sensitivity  of  eddy  currents 
and  high  spatial  resolution  and  tire  versatility  of  AFM.  Since  induced  currents  are  used  in 
this  method,  no  bias  voltage  is  required  to  be  applied  between  the  sample  and  tire  tip.  This 
also  means  that  conductive  tips  are  not  needed  for  conductivity  imaging.  Tire  electrical 
conductivity  images  are  obtained  in  non-contact  nrocle.For  higher  sensitivity  to  electrical 
conductivity  variations,  flexible  cantilevers  are  used.  Since  a  coil  is  used  to  generate  eddy 
currents,  eddy  current  densities  can  be  independently  adjusted  for  different  materials  based 
on  electrical  conductivity  of  the  sample.  Hre  vibration  spectra  of  the  cantilever  over  the 


25 

Distribution  A.  Approved  for  public  release;  distribution  unlimited. 


sample  surface  showed  that  multiple  resonance  peaks  are  present.  Thus  tire  technique  can 
be  used  to  obtain  conductivity  images  multiple  frequencies.  Hus  facilitates  the  study  of  tire 
dependence  of  frequency  on  tire  coir  hast  observed  in  eddy  current  inrages.  Tire  same 
instrumentation  can  be  used  for  characterization  of  multiple  material  properties  with  some 
modifications.  Finally,  since  eddy  currents  are  conventionally  used  in  nondestructive 
evaluation  of  defects,  the  methodology  can  also  be  used  to  perform  micro/nano  NDE  to 
detect  nanoscale  defects. 
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